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        Solar energy as a renewable energy source has become a public consensus as current fossil 
reserves are running out fast. Whilst in continuous pursuit of high efficiency solar cells, less 
efficient ones that can deliver significantly lower cost per kilowatt-hour should not be ignored. In 
this thesis, we outline the fabrication of low-cost quantum dot-sensitized solar cells (QDSCs) 
utilizing one-dimensional (1-D) electrospun nanostructures. From the very beginning prototype 
of electrospun TiO2 nanorods sensitized by CdS QDs, QDSCs with increasing efficiency were 
developed in phase through: 1) efficient QDs deposition onto TiO2 by successive ionic layer 
adsorption and reaction (SILAR); 2) synthesis of novel rice grain-shaped TiO2 mesostructures by 
electrospinning; 3) cobalt sulfide’s substitution of platinum as counter electrode to assemble all-
SILAR-based QDSCs. With further organic dipole treatment to engineer the band alignment 
between QDs and TiO2, QDSCs with greatly enhanced power conversion efficiency were 
successfully fabricated by single CdS sensitization without any elaborate procedures which 
provide a promising mass production and deployment way for alternative low-cost solar cells. 
        The thesis is thus structurally composed of seven chapters. Chapter 1 as a whole serves as 
introduction part which includes the background of renewable energies development, a brief 
history of photovoltaics, the operation principles and unique advantages of QDSCs together with 
literature review of its recent technological advances, and finally the objectives and scopes of the 
present work. Major experimental results and findings are presented in detail through Chapter 2-
6 in line of chapter-by-chapter improvement of the performance of QDSCs towards general 
concluding remarks and outlooks summarized in Chapter 7. The thesis ends with a 1st-authorship 
only journal publication list which pertains to this work in chronological order. 
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 CHAPTER 1 
Introduction - A Review on the World Energy 
Landscape and Photovoltaic Technologies 
 
 
1.1 The Renewable Energies – A Global Perspective 
    “Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs [1].” 
 
      For the past thousands of years till about three hundred years ago, the renewable energy 
sources were exclusively used by mankind e.g. wood for heating, animals for transportation, 
wind and water for mechanical energy etc. It was until the early 20th century that we saw the 
first exploitation of petroleum, natural gas and later, nuclear energy as energy sources to 
satisfy the continuously growing energy demand. Nowadays, fossil fuels (including oil, coal, 
gas etc.) cover over 80% of the total energy demand worldwide, which exceeds ~ 15 TW 
(terawatts) per year [2]. 
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      Global energy consumption is composed of six primary sources: 33.5% oil, 26.8% coal, 
20.9% natural gas, 5.8% nuclear power, 2.2% hydroelectric power, and 10.6% non-hydro 
renewable energy [3]. The recent energy outlook 2030 by British Petroleum (BP) predicts that 
the energy shares of oil will be continuing decreasing to 27% [4] which indicates that the 
energy shares of renewable energy sources would increase sharply to meet the transition. 
According to International Energy Agency (IEA), from 1990 to 2008 the average energy use 
per person increased 10% while world population increased 27%. However, major changes in 
the global climate must be envisioned as a consequence of the carbon dioxide emissions from 
burning fossil fuels, which at present are of the order of ~34 billion tons of CO2 per year and 
are still rising fast [5]. Such accumulation will result in more frequent extreme climate events 
which will have significant consequences for ecosystems as well as human activities such as 
the flooding of low-lying and coastal land including Singapore. Meanwhile, the gulf of 
Mexico oil spill and the Fukushima nuclear disaster [6] following the Tōhoku earthquake and 
tsunami has alerted the human society that the reliance on fossoil fuel and nuclear energy 
should be cautious with the concerns related to severe environmental issues. The 
construction of nuclear reactors now have to face much stronger opposition from the public 
due to the fear of nuclear leaking catastrophe. 
      The energy challenges that the world faces today will only be resolved if we change the 
course and move toward more sustainable energy solutions. The Brundtland report states that 
wind power, photovoltaic, and geothermal energy together “offer the world potentially huge 
primary energy sources, sustainable in perpetuity and available in one way or another to 
every nation on Earth [1].” Among these renewable energy sources, solar energy is the largest 
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and the only abundant and equitable resource with the capacity to meet a large part of our 
society’s future power needs. The sun can potentially supply 2000 times as much energy as 
the world consumes yearly. In fact, the Sun is so generous that by harvesting solar energy at 
10% efficiency, only 1% of the world land area would potentially provide us with twice our 
current energy needs [7]. 
 
1.2 A Brief History of Photovoltaics 
      The history of photovoltaics dates back to the discovery of the so-called photovoltaic effect. 
In 1839, French physicist Edmond Becquerel discovered the photovoltaic effect while 
experimenting with an electrolytic cell made up of two metal electrodes. He found that certain 
materials would produce small amounts of electric current when exposed to light [8]. Since then, 
a variety of concepts and devices have been developed to convert sunlight into electricity for the 
sake of exploring clean and renewable energy. 
      Crystalline silicon (Si) p-n junction solar cells now dominate the world photovoltaic market 
[9]. The first silicon solar cell was developed at Bell Laboratories in 1954 [10]. Within 50 years, 
the efficiency increases from 6% to about 25% [11]. Nowadays, many researchers still pursue the 
silicon solar cells due to its high efficiency. However, although silicon solar cells are considered 
to be a high efficiency solar cell, the silicon used in the cells needs to be of an extreme high 
purity [12]. As a result, the cost of the manufacturing process is high and still thought to be a great 
drawback for its commerciality [13]. Moreover, the theoretical efficiency limit of single junction 
solar cells is calculated to be ~33%, known as the Shockley-Queisser limit. 
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      To reduce the production cost, there emerge semiconductor materials with very high 
extinction coefficient than that of crystalline silicon like the III-V and II-IV compounds, 
including the cadmium telluride (CdTe) and copper indium (gallium) diselenide (CIS or CIGS) 
which are considered to be the most promising materials for thin film photovoltaic industry. Due 
to the superior light absorption capability, only a few microns thick of materials are needed to 
harvest the same amount of light that could be harvested by hundreds of microns of silicon layer. 
So far the CdTe cell has achieved an efficiency of 17.3% [14, 15] in lab devices while the highest 
efficiency by far of a thin film solar cell is 19.6% [16, 17] which was achieved for CIGS-based 
solar cell. However, the limited supply and increasing price of tellurium, gallium and indium 
appears as an obstruction to the ultimate low-cost manufacturing of thin film solar cells. 
        Hence, new types of solar cells based on cheaper materials and manufacturing technology 
are needed for widespread application. Solar cells thus can be classified to three categories by 
technologial advances. The first generation solar cells are made up of single crystal silicon. 
Commercial modules made of Si are still dominating the markets as of now. The major limiting 
factor restricting the widespread use of Si solar cells is the high manufacturing cost [18, 19]. Other 
disadvantages for Si solar cells are their technology- and energy-intensive production processes 
and the formation of harmful by-products. The second generation solar cells consisting of 
semiconductor thin films of CdTe and CIS/CIGS respectively, promise a reduction in the cost, 
however, the toxicity of the components and their less abundance make them both less attractive 
and less commercially viable. The third generation solar cells consist of new types of solar cells 
including organic solar cells and dye/quantum dot-sensitized solar cells. These types of solar 
cells receive more and more attention because of their low-cost fabrication compared with 
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silicon and thin film technologies. With continuous research efforts around the world, the power 
conversion efficiency of DSCs has reached as high as 12.3% after the pioneering work of 
Michael Gratzel in 1991 [20-26]. The classification and comparison of major solar cells 
technologies are summarized in the following Table 1.1. 
 
Table 1.1 Classification and comparison of major solar cells 
 1st-generation 2nd-generation 3rd-generation 
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1.3 Quantum Dot-sensitized Solar Cells (QDSCs) 
1.3.1 What Is A Quantum Dot? 
      Since beginning of the 1980s, research on nanocrystalline materials has developed into a 
large field in material science. The most striking feature of these materials is that their chemical 
and physical properties differ from those of the bulk solids. The reasons for this behaviour can be 
reduced to two fundamental phenomena. The first is the high dispersity of nanocrystalline 
systems i.e. the number of atoms at the surface is comparable to the number of those which are 
located in the crystalline lattice. For example, a cluster with 55 atoms will have 76% of the 
atoms at the surface, if it is constituted of 561 atoms only 45 % of those will be at the surface.           
The physical and the chemical properties, which are usually determined by the molecular 
structure of the bulk lattice, become dominated by the defect structure of the surface. In a wide 
variety of materials ranging from metals to semiconductors to insulators, a decrease in melting 
temperature was observed with decreasing particle sizes [27-29]. The melting point of CdS was 
shown to decrease from 1200 K for particles with a 4 nm radius to 600 K for particles with a 1.5 
nm radius [30]. The second phenomenon arises from quantum mechanics where it is well known 
that electronic particles, confined by potential barriers to a space comparable or smaller than the 
De Broglie wavelength of the particles, have discrete allowed energy states rather than a 
continuum [31, 32]. For semiconductors, the critical dimensions below which quantization effects 
appear depend on the effective mass of the electronic charge carriers. It can be shown that 
electrons and holes inside a semiconductor crystal respond to an electric field almost as if they 
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were free particles in a vacuum, but with a different mass. This mass is called the effective mass 
and is usually stated in units of the ordinary mass of an electron [33]. 
 
Scheme 1.1 Three quantization configuration types in semiconductor, depending on whether the 
confinement exists in one, two or three dimensions. 
 
      Since quantization depends on spatial confinement, three different shapes can be defined 
where the confinement exists in one, two or three dimensions as shown in Scheme 1.1. 
Confinement in one-dimension leads to quantum films, in two dimensions produces quantum 
wires and finally in three dimensions produces quantum particles often called quantum dots 
(QDs). 
 
1.3.2 Basic Operation Principles of QDSCs 
      Although DSC is a relatively low-cost technology compared to silicon and thin film solar 
cells, the dye molecules are still so expensive that researchers turn to semiconductor QDs which 
offer several advantages over metallorganic dyes as alternative light absorbers [34-38]: 1) facile 
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synthesis in different size, shape, morphology and tuning of effective band gaps down to the IR 
range by changing their sizes and compositions (note half of the sun’s power lies in the infrared 
region) ; 2) higher extinction coefficient compared to molecular counterparts; 3) new phenomena 
such as multiple exciton generation (MEG) elevating the theoretical efficiency ceiling up to 44% 
instead of the current Shockley-Queisser detailed balance limit of 33%; 4) possibilities for 
making multilayer or hybrid solar cells etc. The working principle of QDSCs analogous to that of 
DSCs is depicted in Scheme 1.2. Upon illumination photoelectrons are generated in QDs by 
absorbing incident photons, it will be quickly injected into the conduction band of TiO2 which 
further flow towards the FTO electrode and are finally withdrawn as photocurrent. The hole left 
in QDs will be scavenged by the electrolyte which is in turn regenerated by the photoelectrons 
circulating externally to the counter electrode [39, 40]. 
 
Scheme 1.2 Schematic representation of the operation mechanism of a typical QDSC. 
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Scheme 1.3 Structure of energy states in QDSCs and electrons migration process. Desirable 
process: 1. QD excitation, 2. electron injection, 3. regeneration, 4. electrolyte reduction, 8. 
charge collection. Undesirable process: 5. relaxation without electron injection, 6. recombination 
with QD, 7. dark current (recombination with electrolyte). 
 
The major charge transfer and transport processes in QDSCs are shown in Scheme 1.3. Under 
illumination, sensitizing QD absorbs light and gets excited (process 1). Because the energy level 
of excited QD is higher than the conduction band of TiO2, the excited QD injects electrons into 
the conduction band of TiO2 and gets oxidized (process 2). By diffusion, electrons transport 
through mesoscopic TiO2 film to FTO where they are collected (process 8). Meanwhile, the QD 
is regenerated by hole-scavenging electrolyte (process 3). After that, the oxidized redox species 
in electrolyte diffuse to counter electrode and get reduced (process 4). On the counter electrode, 
catalyst is coated to help reduce the oxidized electrolyte. Electrons flow from the working 
electrode (TiO2 electrode) and back into the counter electrode, completing the circuit and as a 
whole operating as a regenerative photovoltaic energy conversion device. Some processes are 
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undesirable during the whole photocurrent generating process: the excited QD may decay 
without injecting electrons into TiO2 conduction band (process 5). Even some injected electron 
could recombine with oxidized QD or oxidized electrolyte (process 6 and 7). 
 
1.3.3 Characterization Parameters of QDSCs 
      Before going into the fabrication methodologies of QDSCs, a quick look at the 
definitions of the common terms used in solar cell characterizations would be desired.  
 





a) Current-voltage graph  
The current (I)-voltage (V) graph of a conventional solar cell is depicted in Figure 1.1. A 
photovoltaic cell functions as current source that delivers a constant current for any 
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illumination level while the photovoltage is largely a measure of its resistance. Under 
illumination by a light source, the solar cell develops a photovoltage between 0 V and Voc 
(called open-circuit voltage), which derives a current I (as defined by the Ohm’s law). A 
more suitable parameter is the current density, Jsc (expressed in mA/cm2). Under dark (i.e. 
without illumination), a potential difference generates to create what is called a “dark 
current” (Jdark), which flows in the direction opposite to that of the photocurrent under an 
applied voltage. The sign convention in photovoltaics is that the photocurrent is positive and 
the dark current is negative. Thus the net Jsc is obtained by subtracting Jdark from the Jsc. 
J(V) = Jsc-Jdark (V) 
b) Open-circuit voltage (Voc) 
This refers to the maximum voltage that can be derived out from a solar cell. When there is 
no external load connected, the potential difference shows a maximum value, which is 
equivalent to the Voc.       
c) Fill factor (FF) 
As could be seen from the I-V graph shown above, at the maximum current density (Jm) and 
voltage (Vm), the performance of the cell reaches a maximum. The FF is defined as: FF = Jm 
Vm/Jsc Voc and thus represents the “squareness” of the J-V graph.  
d) Efficiency () 
It is the ratio of the power density delivered to the incident power density (Ps).  = Jsc Voc 
FF/Ps. Another common means of expressing efficiency of solar cells is by Incident 
Monochromatic Photon-to-Current Conversion Efficiency (IPCE) or external quantum 
efficiency. IPCE is estimated using the following equation: 
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IPCE=1240  Photocurrent density (A/cm2)/{Wavelength (nm)  Incident Photon Flux 
(W/m2)} 
e) AM 1.5G spectrum 
The solar cell devices meant for terrestrial applications are usually illuminated with a 
simulated Air Mass 1.5 Global spectrum (AM 1.5G). When the absorption bands of the 
atmosphere and a dilution factor of 1.56 x 10-5 are considered for blackbody spectrum at 
temperature 5800K, its total power of the photon distribution becomes approximately similar 
to the AM 1.5G spectrum (Figure 1.2). The integrated power density of AM 1.5G is 100 mW 
cm-2 at an incident angle of 48.2o. 
 
Figure 1.2 Air Mass 1.5 Global (AM 1.5G) solar spectrum from ASTM G173-03 reference 
spectrum. 
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1.4 Recent Technological Advances in QDSCs 
      QDSCs are much less studied than DSCs and especially for the utilization of one-
demensional (1-D) nanomaterials only very limited work has been reported despite the fact that it 
is widely used in DSCs application. 1-D oxide nanomaterials have been receiving tremendous 
interests for their unique functional properties such as semi-directed charge transport, enhanced 
charge carrier mobility and large surface area which are ideal for their applications in electronic 
and optoelectronic devices [41]. The electron mobility in 1-D nanostructures is typically several 
orders of magnitude higher than that in semiconductor spherical nanoparticles [42]. Amongst 
these fine structured materials, titanium dioxide (TiO2) is a well-known wide band-gap 
semiconductor which occurs in nature with three distinct crystalline phases: anatase, rutile, and 
brookite. Nanostructured TiO2 has been studied extensively and produced in versatile 
morphologies such as nanotubes, nanowires, nanorods by hydrothermal method, template growth, 
anodic alumina membranes, etc [42-46]. The morphology differences greatly influence their 
applications in optical devices, chemical sensors, dye-sensitized solar cells etc. Therefore, 
precise controlling of morphology with high surface area and particular crystal structure has 
attracted considerable attention among global researchers. 
      Electrospinning is a well-established, cost-effective and scalable means to produce 1-D 
nanostructures [47-50]. Since its first patent describing the basic operation principle in 1934, this 
method was employed widely to fabricate polymer nanofibers as well as other advanced ceramic 
materials including TiO2 [51-55]. Compared to hydrothermal and other complex chemical 
processes, this method provides a straightforward and economical way of producing 1-D 
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nanostructures in mass scale by a simple set-up comprising three major parts: a high voltage 
power supply, a spinneret containing polymeric precursor, and a collector (Scheme 1.4). The 
general principle of electrospinning process can be described as following: the polymeric 
solution was loaded in the syringe and extruded from the needle tip at a constant rate using a 
syringe pump. A high voltage source was connected to the syringe needle and the collector 
screen to create an electrical field. When applying a high voltage to the needle, the flowing liquid 
is stretched into a Taylor cone-the cone formed at the tip of the needle from which a jet of 
charged particles erupts from the surface. In order to eject a jet of liquid from the cone tip, the 
applied potential should reach a critical value, which can overcome the surface tension of the 
liquid. Then, the jet undergoes a whipping motion or bending instability towards the grounded 
fiber collector. The organic solvent of the travelling jet evaporates in the atmosphere during the 
process. The dry fibers will then be collected on the surface of the collector. 
 
Scheme 1.4 Schematic of a typical electrospinning set-up and the processes evolved. 
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      The structure of TiO2 nanoparticles was originally designed to tailor organometallic dyes 
properties. In the case of colloidal QDs, it has been shown that practically 100% covering of flat 
TiO2 surface can be attained, but the covering area decreases dramatically to 14% when Degusa 
P25 TiO2 nanostructured electrodes are employed [56]. Thus there suggests the use of open 
structures with lower surface area than nanoporous TiO2 for a wide band gap semiconductor. In 
this strategy, the high extinction coefficients of the semiconductor are exploited, preserving an 
efficient light-harvesting ability. Electrospinning is such a versatile technique to produce TiO2 
nanostuctures of desired morphology. Previously we have synthesized a rice grain-structured 
TiO2 and its application in QDSCs is underway. The porous and crystalline rice grain structures 
produced at 5000 C are uniformly distributed with a high surface area of ~60 m2/g and with 
existence of mixed phases (anatase and rutile) in the same TiO2. The morphology is excellently 
reproducible over a wide range of concentrations of the experimental conditions and we believe 
such unique nanostructure can find its application in the QDSCs. 
      The most common redox system developed for DSCs is the I-/I3- system which unfortunately 
is not chemically compatible with most QD semiconductor materials. The highest photocurrents 
for QDSCs have been obtained using a polysulfide redox system, however the methanol 
component in the electrolyte can act as a self-sacrificing agent that provides a fake high 
photocurrent [57]. Since no optimized electrolyte system has been obtained for QDSCs, in the 
most general case, the choice of electrolyte will depend on the specific absorbing semiconductor 
used. In the case of CdS QDs, the polysulfide electrolyte with various additives but without self-
scrificing methanol should be tested to obtain the optimized electrolyte system. 
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      For the same reason, the most common used platinum (Pt) counter electrode in DSCs cannot 
applied in the QDSCs because of the poisoning effect of Pt by polysulfide electrolytes [58]. 
Alternative counter electrodes like metal sulfides are now being tested for the substitution of 
expensive Pt towards a low-cost cell [59]. The extra advantage of new counter electrode material 
should be that it could also be prepared by simple method preferably the same with 
photoelectrode. 
      Surface treatments can strongly influence the charge transfer, recombination, transport 
processes for photogenerated electrons and holes in QDSCs [60]. Surface treatments for QDSCs 
have been proved to improve the photovoltaic parameters recently. In fact, ZnS coating has been 
demonstrated to almost double the obtained photocurrent as a blocking layer to reduce 
recombination [61]. Meanwhile the band alignment can also be modified by surface treatment. 
Organic thiol derivatives, which act as molecular dipoles to produce a more favorable band 
alignment between QDs and TiO2, have caused an increase of photocurrent for CdS-sensitized 
solar cells [62]. Moreover, different surface treatment processes may be screened on the same 
sample together. It was found that a dipole treatment followed by a ZnS coating enhances around 
600% of the efficiency of CdSe-sensitized solar cells [63]. 
 
1.5 Aim and Scope of This Thesis 
      While QDSCs offer a promising renewable energy source towards solving the global energy 
issues, their efficiencies are still far behind those of DSCs, let alone the silicon and thin film 
solar cells. However, QDSCs are receiving more and more intense research activities and 
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expected to bring about a significant breakthrough in the near future to catch up the efficiency 
gap between DSCs and QDSCs. This fact constitutes the main motivation of this thesis. 
      Currently, there is still no consensus on a standard configuration for QDSCs unlike DSCs. 
The ultimate objective of this thesis is to develop low-cost QDSCs with enhanced efficiency 
based on 1-D nanostructures by electrospinning. To realize this objective, detailed goals are 
itemized below: 
1) To obtain a unique electrospun nanostructure of TiO2 which achieves the balance of large 
surface area and directed charge transport capability so as to be employed in QDSCs 
application; 
2) To choose a suitable semiconductor QD material which forms a favourable band 
alignment with TiO2 for efficient electron injection and through proper method to be 
firmly attached to the TiO2 surface; 
3) To improve the efficiency of devices by proper choice of electrolyte and counter 
electrode which satisfy the requirements of QDSCs and significantly reduce the 
fabrication cost; 
4) To find an efficient surface treatment method and develop a physical prototype to 
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 CHAPTER 2 
Electrospun TiO2 Nanorods Assembly Sensitized by 




        The dye-sensitized solar cells (DSCs), utilizing mesoporous TiO2 nanoparticles sensitized 
by metallorganic dye molecules, is one of the pioneering examples of nanostructured solar 
cells.[1-5] Nanostructured solar cells, known as the third generation solar cells, offer a promising 
renewable energy source towards solving the global energy issues.[6,7] Recently, 1-dimensional 
(1-D) nanostructures received growing attention as charge transport media for their semi-directed 
transport capability, reduction in grain boundary and hence lesser recombination of charge 
carriers compared to spherical particles. Moreover, 1-D nanostructures also bear unique 
advantages of low reflectance due to light scattering and trapping over a wide spectrum range 
which provide superior optical properties compared to particulate thin films. Therefore, TiO2 had 
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been engineered into various 1-D nanostructures for solar energy conversion such as nanofibers 
(NFs), nanowires (NWs), nanorods (NRs), etc. [8-14] 
        Electrospinning is a well-established and cost-effective technique for large-scale production 
of 1-D nanostructures of polymers as well as other advanced materials.[15-17] In our group’s 
previous work, this technique was successfully applied in conventional DSCs achieving an 
efficiency of ~5.8%.[18] Besides dye molecules, quantum dots (QDs) were investigated 
intensively as novel sensitizers for their probable multi-excitons generation which elevates the 
theoretical efficiency as high as 44%.[19-21] Among the semiconductor QDs sensitizing materials, 
CdS is a promising candidate for its band gap of 2.4 eV and flat band edge at -0.66V (pH=7), 
rendering itself the ability to absorb visible light and form a favourable band alignment with 
TiO2 for efficient electron injection (Scheme 2.1).[22-24] To deposit CdS onto TiO2, successive ion 
layer adsorption and reaction (SILAR), sometimes also referred to as chemical bath deposition 
(CBD), is a facile method which is widely used in QD-sensitized solar cells.[25-27] 
        In this chapter, we hereby report a novel nanostructure of TiO2 NRs@CdS by fabricating 
the TiO2 electrode (as explained in detail below) followed by deposition of CdS QDs via SILAR. 
The composite was then assembled to typical QD-sensitized solar cells to explore its 
photovoltaic application. The influence of different deposition time (i.e. SILAR cycles) on the 
cell performance was studied as well. To the best of our knowledge, this was the first attempt to 
employ both electrospinning and SILAR for low-cost solar energy conversion. 
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Scheme 2.1 A schematic of the geometry of the TiO2 photoelectrode and illustration of electron 
injection from CdS QD to TiO2 NR. 
 
 
2.2 Experimental Details 
2.2.1 Production of TiO2 NRs by electrospinning 
        The TiO2 NRs were produced by electrospinning as we reported before.[18] Typically, 0.5 g 
of titanium (IV) isopropoxide (97%, Sigma-Aldrich) was added to a mixture containing 0.31 g of 
polyvinylpyrrolidone (PVP) (Mw=1300 000, Sigma-Aldrich), 3 mL of ethanol (Absolute, Fischer 
Scientific) and 1 mL acetic acid (99.7% Sigma-Aldrich) and stirred for nearly 12 h. The resulting 
pale-yellow solution was then subjected to electrospinning using a commercial instrument, 
NANON (MECC, Japan) at an applied voltage of 30 kV and a feed rate of 1.0 mL/h. The 
distance between the needle tip and the collector was 10 cm. The collected electrospun fibers 
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were annealed at 500 0C for 5 h when the polymer matrix evaporated leaving the porous TiO2 
NFs. The BET surface area of the NFs was 442 m2/g. The TiO2 NFs were then ground 
mechanically to TiO2 NRs.  
2.2.2 Fabrication of TiO2 NR-based electrodes 
        In order to make a unique TiO2 NR paste with good rheology for subsequent doctor-blading, 
we synthesized the polyester polymer for DSCs as per literature.[28] One hundred milligram of 
the as-prepared TiO2 NRs were mixed with 250 L of polyester and sonicated for ~12 h. The 
paste was then doctor bladed on cleaned fluorine-doped tin oxide plates (FTO, Asahi Glass, 
Japan, sheet resistance of 25 / ) on an active area of ~ 0.28 cm2. The FTOs were annealed at 
450 0C for 1 h to evaporate the polymer leaving the porous TiO2 NR films on FTO plates. 
2.2.3 Deposition of CdS QDs and assembly of QD-sensitized solar cells 
        CdS QDs were deposited on TiO2 NR electrodes via SILAR method. The electrodes were 
first dipped in a 0.2M Cd(NO3)2 (Sigma-Aldrich) aqueous solution for 5 min, rinsed with de-
ionized (DI) water and then dipped in 0.2M Na2S (Sigma-Aldrich) aqueous solution for another 
5 min followed by equal rinsing which was termed as one SILAR cycle. Different SILAR cycles 
were performed to investigate the optimum deposition time. The CdS-deposited TiO2 NR 
electrodes were combined with a Pt counter-electrode, in the presence of an efficient polysulfide 
electrolyte (0.5M Na2S, 2M S, and 0.2M NaCl in methanol/water with a volume ratio of 7:3)[25] 
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2.2.4 Characterizations and Measurements 
        The TiO2@CdS NRs were characterized by powder X-ray diffraction (XRD, Bruker-AXS 
D8 ADVANCE Powder X-ray diffractometer), field emission scanning electron microscopy (FE-
SEM, Quanta 200 FEG System, FEI Company, USA, operated at 10 kV), and high resolution 
transmission electron microscopy (HR-TEM, JEOL 3010 operated at 300 kV), respectively. 
Energy-dispersive X-ray spectroscopy (EDS) was carried out using an FE-SEM (JEOL JSM-
6701F SEM operated at 30 kV). The optical properties were examined by UV-visible 
spectroscopy (Shimadzu UV-3600 UV-visible NIR spectrometer). The incident photon-to-
current conversion efficiency (IPCE) was measured under illumination with a 300 W xenon lamp 
through a Gemini-180 monochromator (Jobin Yvon, U.K.) and the photocurrent-voltage (J-V) 
curves were measured and recorded by XES-151 S solar simulator (San Ei, Japan) under AM1.5 
G condition and Autolab PGSTAT30 (Eco Chemie B.V., The Netherlands) integrated with a 
potentiostat. 
 
2.3 Results and Discussion 
        The phase structure and composition of the product was detected by X-ray diffractometry. 
Figure 2.1 is the XRD pattern of the as-prepared TiO2@CdS NR-based photoelectrode after 10 
SILAR cycles (the most efficient case, as discussed below). All the characteristic peaks were 
indexed to the anatase phase TiO2 (JCPDS file No. 71-1167) which is consistent with our 
previous work[18], Greenockite phase CdS (JCPDS file No. 77-2306), and the FTO substrate 
(JCPDS file No. 77-0447). This confirmed the effectiveness of deposition of CdS QDs onto TiO2 
NRs via SILAR process as we expected. The result was further confirmed by EDS spectrum 
performed in SEM (inset of Figure 3.1) indicating an elemental composition of cadmium (Cd) 
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and sulfur (S) other than titanium (Ti) and oxygen (O) resulting from the TiO2. The XRD pattern 
also confirmed that there were no significant cadmium- or sulfur-related impurities present in the 
photoelectrode.     
 
Figure 2.1 XRD pattern of the TiO2@CdS NRs film deposited on FTO after 10 SILAR cycles 
(Inset: EDS spectrum of the TiO2@CdS NRs). 
 
        The surface morphology of the resulting film was studied by FE-SEM measurements. 
Figure 2.2A shows the SEM image of large-area electrode surface after deposition of CdS while 
Figure 2.2B is a high magnification image which clearly revealed the presence of randomly 
oriented NRs. The inset of Figure 2.2B is a cross-sectional SEM image showing the firm and 
dense packing of the NRs on FTO and the thickness of the film was estimated to be ~10 m 
which is ideal for DSCs applications.[3] We attribute the compact packing of NRs to the chemical 
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interaction between the side carboxylic acid groups (-COOH) of the polyester and the TiO2 
surfaces. The presence of NRs in the electrodes was also analyzed by TEM studies. Figure 2.2C 
shows a bundle of TiO2@CdS NRs of average length and diameters of ~ 1 m and ~ 100 nm 
respectively. A high-resolution TEM image of a single NR is shown in Figure 2.2D, which 
revealed that the NR surfaces are composed of TiO2 grains of ~ 12-20 nm. The left inset of 
Figure 2.2D shows a selected area electron diffraction (SAED) pattern and right inset is a lattice- 
resolved image. The presence of CdS in the NRs was also ascertained by EDS measurements 
during the TEM. 
        The UV-Vis spectra set of the TiO2@CdS NRs with different SILAR cycles are shown in 
Figure 2.3. It is interesting to note that with increasing SILAR cycles, the absorption peaks of 
CdS undergo a slight red-shift with broadening which indicates the growing of deposited CdS 
QDs. The size quantization effect of QDs was retained by SILAR method which is rather simple 
compared with routine synthetic procedures.[19] The size of the CdS QDs deposited after 10 
SILAR cycles was estimated to be ~ 6.4 nm using an empirical function as below [29]:  
D=(-6.6521x10-8)λ3 + (1.9557 x10-4)λ2 – (9.2352 x10-2)λ + 13.29 
where D (nm) is the size of CdS, and λ (nm) is the wavelength of the first excitonic absorption 
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Figure 2.2 SEM images of TiO2@CdS NRs film with (A) low and (B) high magnifications 
(Inset: cross-sectional SEM image of the film); TEM images of (C) bundle and (D) single 
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Figure 2.3 UV-Vis absorption spectra of TiO2@CdS NRs with different SILAR cycles. 
 
        The photovoltaic application of this material was evaluated by assembling it into QD-
sensitized solar cells (QDSCs). Table 2.1 lists the effect of deposition time (i.e. SILAR cycles) 
on the parameters of short-circuit photocurrent density (Jsc), open-circuit voltage (Voc), fill factor 
(FF) and overall power conversion efficiency (η) while Figure 2.4 depicts the corresponding J-V 
curves. Polysulfide was used as electrolyte as it was reported to be the most efficient electrolyte 
in QD-sensitized solar cells so far despite its complicated chemistry.[25] The poor J-V 
characteristics and the low FF, usually shown by most of the QDSCs, was recently explained by 
a recombination pathway through monoenergetic surface states in TiO2.[27] There is also a 
contribution from the charge transfer resistance of Pt counter electrode. The best reproducible 
cell performance was obtained after 10 SILAR cycles with a short-circuit photocurrent density of 
3.62 mA/cm2, an open-circuit voltage of 0.482 V, a fill factor of 0.30, and an overall power 
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conversion efficiency of 0.52%. The IPCE spectrum shown in Figure 2.5 demonstrates that the 
device only absorbs lights shorter than 530 nm with a peak of ~45% at about 475 nm. The IPCE 
spectrum also reproduced the optical absorption spectrum of the CdS QDs, which confirms the 
photo-induced electron transfer from QDs to the TiO2 NRs. The photovoltaic parameters were 
lowered significantly after 15 SILAR cycles, and it is concluded that too many SILAR cycles 
will hamper the device performance in that over-loading of CdS QDs would block the pores of 
TiO2 resulting in poor electrolyte penetration and would serve as recombination centers as 
well[30]. Still we achieved ~50% of the current density of the best ever reported CdS sensitized 
solar cells based on highly ordered TiO2 nanotubes synthesized by anodic oxidation in organic 
electrolyte[31] and almost the same value of current density of direct spinning on FTO plates with 
both blocking and scattering TiO2 layers[32] which are usually used to improve DSC performance. 
The photovoltaic performance is comparably notable in view of the random-oriented nature of 
our electrospun nanorods and the simplicity of the electrospinning technique without any 
elaborate procedures. We also believe that the 1-D nature of the NRs played a significant role by 
facilitating the electron transport through the film, which lessens the recombination loss of the 
electrons and holes at TiO2/CdS interface to achieve such an efficiency. 
Table 2.1 Effect of number of SILAR cycles on the parameters of CdS-sensitized solar cells. 
SILAR Cycles Jsc (mA/cm2) Voc (V) FF η (%) 
1 0.11±0.05 0.250±0.012 0.22±0.01 0.01 
5 2.37±0.31 0.310±0.011 0.29±0.01 0.21±0.02 
10 3.62±0.34 0.482±0.018 0.30±0.02 0.52±0.03 
15 2.15±0.29 0.385±0.015 0.27±0.02 0.22±0.02 
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Figure 2.4 Current-voltage (J-V) curves for CdS-sensitized solar cells corresponding to different 
SILAR cycles (Inset: color evolution of the as-prepared cells). 
 
2.4 Conclusions 
        In conclusion, we report for the first time a simple method of fabricating TiO2@CdS NRs 
by combining electrospinning and SILAR techniques. The photovoltaic application was explored 
by assembling this nanostructure to QD-sensitized solar cells which gave a best efficiency of 
over 0.5%. Further optimization of this fabrication process and more insightful work are 
currently underway which are expected to elevate the photovoltaic parameters further. 
Considering its very simple and low-cost nature, we believe such a method would provide us a 
promising means for mass production of alternative quantum dot solar cells. 
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 CHAPTER 3 
Rice Grain-shaped TiO2 Mesostructures by 




      One-dimensional (1-D) oxide nanomaterials have been receiving tremendous interests for 
their unique functional properties such as semi-directed charge transport, enhanced charge carrier 
mobility and large surface area which are ideal for their applications in electronic and 
optoelectronic devices [1]. The electron mobility in 1-D nanostructures is typically several orders 
of magnitude higher than that in semiconductor spherical nanoparticles [2, 3]. Amongst these fine 
structured materials, titanium dioxide (TiO2) is a well-known wide band-gap semiconductor 
which occurs in nature with three distinct crystalline phases: anatase, rutile, and brookite. 
Nanostructured TiO2 has been studied extensively and produced in versatile morphologies such 
as nanotubes [3], nanowires [4], nanorods [5], etc. by hydrothermal method [6], template growth [7], 
anodic alumina membranes [8], etc. The morphology differences greatly influence their 
applications in optical devices, chemical sensors [9], dye-sensitized solar cells [10-12] etc. 
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Therefore, precise controlling of morphology with high surface area and particular crystal 
structure has attracted considerable attention among global researchers. 
      Electrospinning is a well-established, cost-effective and scalable means to produce 1-D 
nanostructures [13]. Since its first patent describing the basic operation principle in 1934, this 
method was employed widely to fabricate polymer nanofibers as well as other advanced ceramic 
materials including TiO2 [14, 15]. Compared to hydrothermal and other complex chemical 
processes, this method provides a straightforward and economical way of producing 1-D 
nanostructures in mass scale by a simple set-up comprising three major parts: a high voltage 
power supply, a spinneret containing polymeric precursor, and a collector (Scheme 3.1). 
Previously, we have successfully fabricated TiO2 nanofibers by this method and explored their 
properties [16] and applications [17, 18]. 
 
Scheme 3.1 Representative schematic of a typical electrospinning set-up and SEM image of the 
resultant TiO2 meso rice grains. 
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  In this chapter, we demonstrate that a unique morphology of TiO2 i.e. rice grain shaped TiO2 
mesostructures can be produced by electrospinning followed by calcination under ambient 
conditions. The optical and structural properties of this novel mesostructures were studied in 
detail which formed solid basis for its further applications due to high surface area (~ 60 m2/g), 
single crystalline nature, and particularly low anatase to rutile transformation temperature (~ 
5000 C). Attempts to find evolution of this unique morphology, temperature-dependent shape and 
crystal structure transformation, effect of precursor concentrations and experimental conditions 
on the morphology of the TiO2 structures were also explored. We anticipate that the material 
would have wide applications in photocatalysis, optical devices, UV-blockers, self-cleaning 
materials, etc. as a potential rival for commercially available Degussa P-25.  
 
3.2 Experimental Details 
3.2.1 Materials and Methods 
        The TiO2 nanofibers were fabricated by electrospinning according to the following route: 
1.2 g of polyvinyl acetate (PVAc, Mw = 500000, Sigma Aldrich, US) was added to 10 mL of 
N,N-dimethyl acetamide (DMAc, 99.8%, GC Grade, Aldrich, Germany) as the solvent. This was 
followed by the addition of TiO2 sol prepared by mixing 2 mL of acetic acid (99.7%, LAB-
SCAN Analytical Sciences, Thailand) and 1 mL of titanium (IV) isopropoxide (TiP, 97%, 
Aldrich, Germany). The precursor mixture was stirred at room temperature for ~12 h to acquire 
sufficient viscosity for subsequent electrospinning. Electrospinning was then performed in a 
commercial machine, NANON (MECC, Japan). The applied voltage was 30 kV and the distance 
between the needle (27G ½) tip and the rotating drum collector (which is wrapped with 
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aluminimum foil) was ~10 cm. The humidity level at the electrospinning chamber was controlled 
between 50-60 %. The as-spun PVAc-TiO2 composite nanofibers appeared in the form of 
freestanding sheets. The material was then sintered at 5000 C for 1 h with a ramping rate of 20 
C/min to exhibit the unique rice grain morphology. 
3.2.2 Measurements and Characterization 
         The morphologies of as-spun nanofibers and sintered meso structures (the meso rice grains) 
were studied by scanning electron microscopy (SEM, JEOL JSM-6701F operated at 30 kV). 
Samples for SEM were prepared by sputtering a gold conducting layer on the electrospun 
nanofibers. The sintered TiO2 meso rice grains were further examined by high resolution 
transmission electron microscopy (HR-TEM, JEOL 3010 operated at 300 kV). Samples for HR-
TEM were prepared by dispersing the sintered meso rice grains in methanol under sonication and 
then allowing a drop of this suspension to dry on a carbon-coated copper grid. The surface area 
was determined by BET measurement (NOVA 4200E Surface Area and Pore Size Analyzer, 
Quantachrome, USA). The TiO2 fibers were dried under flowing N2 at 3500 C overnight prior to 
BET measurements (under standard protocols at 77 K). The optical properties were examined by 
UV-Vis spectroscopy (Shimadzu UV-3600 UV-VIS-NIR spectrophotometer) with a spectral 
resolution of 1 nm. Samples for optical measurements were prepared by ultrasonically dispersing 
TiO2 meso rice grains in methanol. Phase transformation and crystal structure were studied in 
detail by X-ray diffractometry (Bruker D8 Advanced Thin Film X-ray Diffractometer) using 
step-wise temperature programming from 5000 C to 10000 C with a dwelling time of 30 min. 
Samples for XRD were prepared by compressing meso rice grains to a thin solid film at ambient 
pressure and scanned over a 2 θ range of 20-600 using Cu Kα radiation (λ=1.54 A0). 
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3.3 Results and Discussion 
3.3.1 Structural characteristics of TiO2 meso rice grains: 
      Figure 3.1A and 3.1B show the SEM images of the as-spun PVAc-TiO2 nanofibers. The 
fibers appeared as typical electrospun nanofibers morphology with smooth but randomly-
oriented deposition. The fibers were continuous with the diameters between 300 nm-600 nm. 
After subjected to sintering at 5000 C for 1 h in air, however, the fiber network collapsed and 
there grew the rice grains morphology with good inter-grain connectivity. Figure 3.1C and 3.1D 
show a low- and a high-magnification SEM images, respectively, of the TiO2 meso rice grains. 
Average dimensions of rice grain structures were ~ 300-800 nm in length and ~ 100-250 nm in 
diameter. It should be noted that some rice grains still followed the fibrous structure which were 
retained from Figure 3.1A and 3.1B. Particularly, each rice grain was porous as evident from a 
high surface area of ~ 60 m2/g compared to that of 50 m2/g for Degussa P-25. 
      The rice grain morphology was further examined by HR-TEM. Figure 3.2A is a TEM image 
of a single TiO2 meso rice grain showing the presence of spherical particles in it. It was called 
‘meso rice grain’ simply because its shape well matches a typical rice grain with two sharp ends 
and a spheroid body. Figure 3.2B shows a selected area electron diffraction (SAED) pattern of 
the single rice grain in which the spotty pattern and the bright spots represent its amazing single 
crystalline nature. It was also interesting to note that in Figure 3.2C the lattice-resolved TEM 
image indicated that there exist two distinct lattice spacings corresponding to both anatase 
(d=0.35 nm) and rutile (d=0.32 nm) in a single rice grain structure (i.e. a small % of rutile in the 
anatase-dominant rice grain structure). 
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Figure 3.1 SEM images of (A) & (B) as-spun and (C) & (D) sintered TiO2 nanofibers. 
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Figure 3.2 TEM images of (A) a single TiO2 meso rice grain and its (B) selected area electron 
diffraction (SAED) pattern and (C) lattice resolved image. 
This would be beneficial as the presence of a small amount of rutile in anatase matrix is known 
to enhance the photocatalysis and photovoltaic characteristics of TiO2 by producing a band 
bending at the anatase-rutile interface such that the charge carriers generated in the anatase 
region would facilitate holes migration to rutile particles [19]. However, an alternative view 
proposed by Hurum et al. for explaining the enhanced properties of the mixed composition was 
based on interfacial, surface trapping sites and hence charge transfer across the interface from 
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rutile to anatase [20]. The rice grain structures in the present case have anatase and rutile phases in 
the same mesostructures and hence could be a superior alternative to the commercial P-25, which 
is a mixture of both anatase and rutile particles (both phases not in single nanoparticle) [21]. 
3.3.2 Anatase-to-rutile phase transformation with temperature:  
      In order to insightfully explore structural properties of the TiO2 meso rice grains, we 
performed a temperature-dependent XRD study. The sample was heated up to 10000 C to see its 
phase evolution. Figure 3.3 shows a set of X-ray diffraction patterns of the TiO2 meso rice grains 
sintered at different temperatures under ambient conditions.  
 
Figure 3.3 Thin-film XRD patterns of the TiO2 meso rice grains sintered at different 
temperatures (   : anatase,    : rutile). 
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The attenuation of the anatase (101) peak and the emergence of the rutile (110) peak imply the 
phase transformation in the sample. At 5000 C the rutile phase began to nucleate while at 10000 C 
the anatase phase had completely transformed to rutile one. The rutile phase nucleation 
temperature in the present case was significantly lower than that reported for TiO2 particles [22] 
and nanofibers [16]. To the best of our knowledge, this is the lowest rutile nucleation temperature 
ever recorded in literature. Such a low phase transformation temperature may arise from the 
interplay between the surface energy and the forces that hold the particles in the grains together 
[16] and also suggested that the TiO2 meso rice grains produced by present electrospinning 
process were highly dense which is supported by surface nucleation at lower temperature as 
revealed by Zhang et al [22]. The crystal sizes were determined from the corresponding XRD 
peaks of anatase and rutile using Scherer’s equation: 
              ]/[  BCosKL  ……………………(1)  
where L is the crystallite size, K is a constant taken as 0.89, λ is the wavelength of the X-ray, B 
is the full width at the half-maximum intensity, and θ is the Bragg angle. Table 3.1 lists the grain 
size evolution of anatase and rutile phase existing in the sample. It clearly indicated the trend of  
Table 3.1 Grain size evolution calculated from characteristic peaks of thin-film XRD patterns. 
        Temperature(oC) 
Grain Size (nm) 
500 600 700 800 900 1000 
Anatase    16.6    20.4    27.1   34.0  38.8  N/A 
Rutile    N/A    32.7    37.1   42.6  45.5  54.6 
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further crystallization of each phase and coalescence of the grains with increasing temperatures. 
The calculated grain size of anatase at 5000 C was 16.6 nm which is in good accordance with the 
HR-TEM image shown in Figure 3.2A. 
 
Figure 3.4 TEM images of the TiO2 meso rice grains heated at (A) 7000 C and (C) 10000 C and 
the respective lattice resolved images. 
      The XRD data above indicate increase in the grain size of TiO2 with increase of temperature 
due to particle (in the rice grain) fusion. We anticipated that the rice grain morphology would 
undergo a distortion with increase in temperature. TEM images of the TiO2 meso rice grains 
Chapter 3: Rice Grain-shaped TiO2 Mesostructures by Electrospinning: Synthesis and Characterization 
 
- 47 - 
 
heated at 7000 C and 10000 C, respectively, are shown in Figure 3.4. The rice grain morphology 
begins to distort at 7000 C (Figure 3.4A) accompanied by fusion of particles and completely 
disappear at 10000 C (Figure 3.4C). As could be seen from the images, the average sizes of the 
particles grew to ~ 35 nm at 7000 C and ~ 50 nm at 10000 C. Figures 3.4B and 3.4D show the 
respective lattice resolved images.     
3.3.3 Optical properties of TiO2 meso rice grains:  
      The optical properties were investigated by UV-Vis spectroscopy. Figure 3.5 shows the 
characteristic absorption spectra of TiO2 rice grains sintered at 5000 C and 10000 C respectively. 
The tails in the visible region were the consequence of light scattering due to the TiO2 bundles  
 
Figure 3.5 UV-Vis absorption spectra of the TiO2 meso rice grains sintered at 5000C (trace a) 
and 10000C (trace b). 
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dispersed in methanol. From the absorption edges present in both curves, we have roughly 
estimated the band gap of the TiO2 rice grains to be ~3.18 eV (5000 C, trace a) and ~3.05 eV 
(10000 C, trace b) which is close to that of pure anatase and pure rutile phase of bulk TiO2, 
respectively. The discrepancies may arise from the unique morphology and it has been reported 
that the structural differences of anatase and rutile dictate their differences in optical and 
electronic properties [23].  
3.3.4 Evolution of the rice grain morphology:  
      While the rice grain morphology was interesting, we were also curious about the origin of 
this unique morphology. With the possible aim of probing evolution of the rice grain 
morphology, the as-spun fibers were heated to 1000 C, 2000 C, 3000 C and 4000 C, respectively, 
and imaged by SEM (it must be noted that the decomposition temperature of PVAc is ~ 4300 C). 
The respective images are shown in Figure 3.6. The material heated at 1000 C (Figure 3.6A) 
showed the presence of TiO2 rice grains in the translucent polymer matrix. This implies the 
formation of rice grain-shaped TiO2 structures in the solution mixture used for electrospinning 
and not as a result of the sintering process of the as-spun fibers. With further increase of 
temperature, the rice grains shape became more obvious because of the evaporation of the 
polymer from the matrix. At 4000 C, a well-connected network of rice grain-shaped TiO2 is 
clearly seen (Figure 3.6D). We have further noticed that the unique rice grain morphology only 
originated from PVAc/DMAc combination whereas in presence of either PVAc/DMF [2] or 
PVP/DMF [14] the normal continuous fiber structure was retained (Figure 3.7). The continuous 
fibrous polycrystalline anatase TiO2 structures have spherical particles of 10-20 nm on surfaces. 
This morphological difference implies a complex chemical and crystallization process of TiO2 in 
presence of PVAc/DMAc mixture resulting in the rice grain-like structures. We anticipate that 
Chapter 3: Rice Grain-shaped TiO2 Mesostructures by Electrospinning: Synthesis and Characterization 
 
- 49 - 
 
the unique morphology could be the result of poor solubility of TiO2 in PVAc which leads in 
their micro phase separation during electrospinning; however, this needs an extensive study for 
confirmation which is underway. 
 
Figure 3.6 SEM images of the as-spun fibers heated to (A) 1000 C, (B) 2000 C, (C) 3000 C and 
(D) 4000 C. 
 
      We have also investigated whether the rice grain morphology is characteristic of a specific 
composition of the precursors (PVAc and TiP concentrations) or the experimental parameters 
(the applied voltage and the distance between the needle tip and the collector) mentioned in the 
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experimental section. To check this, the concentration of PVAc in the electrospinning solution 
(as described in the experimental section) was varied from 8, 10, 14 and 18 wt % (the solutions 
become non-spinnable with further increase of PVAc concentrations owing to very high 
viscosity) and TiP concentrations from 0.5 mL to 4 mL. It was found that the rice grain 
morphology and its average dimensions remain nearly unaffected with changes in the precursor 
concentrations. The SEM images of the rice grain structures obtained with 18 wt% PVAc (and 1 
mL TiP) and 12 wt % PVAc (and 2 mL TiP) are shown in images A and B in Figure 3.8. A 
similar effect was found on varying the applied voltage and the distance between the needle tip 
and the collector as well.      
 
Figure 3.7 SEM images of the fiber morphology obtained using (A) PVAc/DMF or (B) 
PVP/DMF. 
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Figure 3.8 SEM images of the rice grain structures obtained with (A) 18 wt% PVAc and 1 mL 
TiP and (B) 12 wt % PVAc and 2 mL TiP. 
 
3.4 Conclusions 
      In conclusion, for the first time in literature, we report an amazing morphology of TiO2 meso 
rice grains by electrospinning and subsequent calcination at 5000 C. Each rice grain was porous 
and composed of both anatase and rutile phases and possesses the lowest rutile nucleation 
temperature of 5000 C. With added advantages of high surface area and single crystalline nature 
of spherical particles in the rice grain structures, we believe this simple method would provide a 
mass production way and the TiO2 meso rice grains would open up new vistas for potential 
applications in industry. We strongly believe that the TiO2 meso rice grains would be a potential 
or even superior alternative to commercial P-25 and would find broad applications in various 
enhanced catalytic systems. 
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 CHAPTER 4 
QDSCs All Prepared by Successive Ionic Layer 




      The continuously growing energy needs together with the quick consumption of fossil fuel 
reserves demand sustainable and reliable energy sources for human society in which solar energy 
is generally considered as an indispensable candidate [1]. In parallel with the attempt to improve 
efficiency, considerable attention is being paid to reduce the cost of solar cells which is essential 
for wide deployment applications. The quantum dot-sensitized solar cells (QDSCs) are such 
emerging third-generation photovoltaic technologies based on the well-known prototype of the 
dye-sensitized solar cells (DSCs) [2, 3]. The multiple exciton generation (MEG) effect and low-
cost and facile synthesis make QDs particularly attractive over molecular dyes for solar cells 
applications by which the theoretical efficiency can be elevated up to 44% [4]. In DSCs, I-/I3- 
redox system is commonly used as electrolyte in conjunction with Pt-coated fluorine-doped tin 
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oxide (FTO) as counter electrode for efficient triiodide reduction [5]. In QDSCs, however, the I-
/I3--based electrolyte is unfortunately not chemically compatible with most QDs semiconductor 
materials. Instead, S2-/Sx2- polysulfide system was reported as a suitable redox couple to stabilize 
QDs against photocorrosion especially for CdS QDSCs [6]. As a consequence, alternative counter 
electrodes should be explored as the sulfur atom present in polysulfide electrolyte can be easily 
absorbed to the surface of Pt counter electrode resulting in its poor catalytic activity and 
conductivity [7, 8]. Metal sulfides are promising candidates for their superior electrocatalytic 
ability for the polysulfide redox reactions relative to that of Pt electrodes. Yang et.al compared 
the photovoltaic performance of CdS/CdSe QDSCs featuring CoS, CuS, NiS counter electrodes, 
respectively, and concluded that CoS is superior to the other two in the order of CoS>CuS>NiS 
[9]. Furthermore, CoS electrodes can be easily prepared by solution-based method and the 
substitution of Pt electrode by CoS can greatly reduce the whole device cost due to the extremely 
low abundance of platinum compared with cobalt. 
  In this Chapter, we shift our focus on the further cost reduction of QDSCs. With this regard, 
the photoelectrode comprising TiO2/CdS was prepared by electrospinning followed by 
successive ionic layer adsorption and reaction (SILAR) method as succeeded from previous 
chapters. Electrospinning is a low-cost and versatile technique to produce TiO2 nanostructures of 
desired morphology [10-13]. In Chapter 3, we have successfully developed a novel rice grain-
shaped electrospun TiO2 mesostructures and will be applied in this case. Meanwhile CoS was 
used as the counter electrode and also deposited through SILAR method. The all SILAR-based 
QDSCs featuring CoS counter electrodes show a promising efficiency of ~ 1% without any 
elaborate procedures (i.e. TiO2 scattering layer, TiCl4 treatment, ZnS coating, etc.). To the best 
of our knowledge, this is the highest efficiency of single CdS-sensitized solar cells employing a 
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polysulfide aqueous solution as electrolyte without methanol as a sacrificing agent to provide a 
fake high photocurrent and efficiency [14-16]. 
 
4.2 Experimental Details 
4.2.1 Fabrication of CdS QDSCs by electrospinning and SILAR 
  The TiO2 nanostructured electrodes were prepared by electrospinning according to our 
previous methodology [17, 18]. CdS QDs were deposited on TiO2 nanostructured electrodes by 
SILAR in which the optimum SILAR cycles were determined from our previous study [19]. The 
counter electrodes were prepared by first dipping a clean FTO in 0.5M Co(CH3COO)2 (99%, 
Sigma-Aldrich) aqueous solution for 30 s, rinsed with de-ionized (DI) water and then dipped in 
0.5 M Na2S (99%, Sigma-Aldrich) aqueous solution for another 30 s followed by rinsing. This 
constituted one cycle and the process was repeated for four cycles. The CdS-sensitized TiO2 
electrodes were then combined with the CoS counter electrode, in the presence of an aqueous 
polysulfide electrolyte (2 M Na2S and 2.0 M S) to assemble a typical QDSC. QDSCs featuring 
the Pt counter electrode were prepared in the same way for a comparison. The active area of the 
cells was nearly 0.28 cm2. 
4.2.2 Characterization and Measurements 
      The morphologies of the as-prepared photoelectrodes and counter electrodes were studied by 
scanning electron microscopy (SEM, JEOL JSM-6701F operated at 30 kV). The crystal 
structures of photoelectrode and counter electrode were examined by X-ray diffractometry 
(Bruker D8 Advanced Thin Film X-ray Diffractometer) using Cu Kα radiation (λ=1.54A0). The 
fine nanostructures were further studied by high resolution transmission electron microscopy 
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(HR-TEM, JEOL 3010 operated at 300 kV). Energy-dispersive X-ray spectroscopy (EDS) was 
carried out during TEM measurement. Photocurrent measurements were done and recorded by 
XES-151 S solar simulator (San-Ei, Japan) under AM1.5 G condition and Autolab PGSTAT30 
(Eco Chemie B.V., The Netherlands) integrated with a potentiostat. The incident photon-to-
current conversion efficiency (IPCE) was measured under illumination with a 300 W xenon lamp 
attached with a Gemini-180 monochromator (Jobin Yvon, U.K.) 
 
4.3 Results and Discussion 
  Scheme 4.1 describes a complete process to prepare the all-SILAR-based QDSCs in which 
different metal precursors (acetate salt) react with sulfide ion to form CdS QDs as sensitizer to 
absorb visible lights, and the CoS as counter electrode to catalyze the reduction of polysulfide 
electrolyte (Sx2- + 2e- Sx-12- + S2-). The optimum SILAR cycles i.e. the deposition time were 
determined after several trials and from our previous study [19]. Starting from two clean FTOs, 
this solution process eliminates many of the tedious procedures generally existing in DSCs 
fabrication process like TiO2 scattering layer and thermal decomposition of platinum precursor 
as counter electrode, etc. The insets show the surface morphologies of both the photoelectrode 
(left) and the counter electrode (right) imaged by SEM including the respective digital camera 
images. 
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Scheme 4.1 Schematic illustration of a complete SILAR process to prepare both photoelectrode 
(TiO2/CdS) and counter electrode (CoS). (Insets: SEM and digital images of as-prepared a) 
photoelectrode and b) counter electrode.) 
 
      As revealed, the electrospun TiO2 nanostructures on the FTO plate resemble “rice grains” as 
we reported before [13, 17]. This unique structure with high surface area and good inter-
connectivity was proved to enhance the electron transport and improve the device performance 
of DSCs. Meanwhile the CoS counter electrode shows a rather rough surface with irregular 
islands. The contrastable colors of yellow and black are apparently due to the formation of CdS 
and CoS, respectively. 
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  The crystal structures and compositions of both the electrodes prepared by SILAR were 
explored by the X-ray diffraction experiment. Figure 4.1 a) shows the XRD patterns of 
photoelectrode and counter electrode in a single plot. The lower trace is the XRD pattern of the 
TiO2/CdS photoelectrode in which anatase TiO2 (JCPDS file no. 71-1167) and hexagonal CdS 
(JCPDS file no. 77-2306) characteristic peaks can be identified which is consistent with our 
previous results [19], however in the upper trace no obvious peak other than FTO (JCPDS file no. 
77-0447) is recognized as CoS may exist in the very low crystallinity form of Co3S4. The XRD 
patterns also confirm that there are no other significant impurities existing in the respective 
electrodes. Figure 4.1 b) shows the TEM images in which a single “rice grain” was seen with a 
dimension of ~500 nm in length and ~250 nm in diameter (A & B). The presence of CdS 
nanoparticles is also clearly resolved in C with a diameter of ~6.8 nm which again is well 
matched with our previous study [19]. The lattice spacings measured in C are well consistent with 
the (101) plane of anatase TiO2 and the (111) plane of CdS respectively. The selected area 
electron diffraction (SAED) pattern is also shown in D to reveal its polycrystallinity. Figure 4.1 c) 
is the EDS spectrum of photoelectrode which confirms the elemental composition of titanium 
(Ti), oxygen (O), cadmium (Cd), and sulfur (S). Note that the remaining cobalt (Co) is arising 
from the counter electrode after testing i.e. combination of photoelectrode and counter electrode. 
  Under identical procedures to prepare the CdS QDSCs featuring Pt and CoS counter 
electrodes, a comparison of the device performance was carried out. Figure 4.2 shows the 
respective J-V curves while table 4.1 lists all the photovoltaic parameters of short-circuit current 
density (Jsc), open-circuit voltage (Voc), fill factor (FF) and the overall conversion efficiency (η). 
A nearly 100% increase of the conversion efficiency was achieved for QDSC employing CoS 
counter electrode compared with Pt-based one, which is contributed largely from the remarkable  
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Figure 4.1 a) X-ray diffraction patterns of photoelectrode (lower trace) and counter electrode 
(upper trace) prepared by SILAR. b) TEM images of (A) low resolution, (B) high resolution, (C) 
lattice spacing and (D) selected area electron diffraction (SAED) pattern of electrospun TiO2 
nanostructures deposited by CdS. c) EDS spectrum performed during the above TEM 
measurement. 
increase of FF from 29.1% to 39.9% along with improvement of Jsc from 3.63 to 4.07 mAcm-2 
and Voc from 0.48 to 0.58 V. This can also be inferred from the respective J-V curve shapes and 
the particularly poor J-V characteristics of Pt-based cell imply that there exist strong interactions 
between Pt and sulfide ions which are supposed to greatly influence the catalytic activity and 
conductivity of the Pt electrodes [7, 8]. Meanwhile the CoS-based cell shows much stable and 
superior performance in presence of the polysulfide electrolyte. Although the efficiency obtained 
for this CdS QDSCs is still low, it is noteworthy that this is the highest efficiency as far as we 
know for singly CdS-sensitized solar cells based on electrospun TiO2 nanostructures without: 1) 
surface treatments (e.g. ZnS coating, dipole treatment); and 2) methanol component to 
scavenging holes as a sacrificial donor to the system [13]. However, the incident photon-to-current 
conversion efficiency (IPCE) spectrum suggests that the cell performance is largely restricted by 
the limited CdS absorption range (<570 nm), as seen in the inset of Figure 4.2. Hence we expect 
that co-sensitization with other broader absorption (i.e. narrow band gap) semiconductor material 
like CdSe, CdTe etc. is believed to further increase the overall efficiency and such experiments 
are currently underway. 
Table 4.1 List of photovoltaic parameters of CdS QDSCs featuring Pt and CoS counter 




-2) Voc (V) FF (%)   η (%)  
Pt 3.63 0.48 29.1 0.51 
CoS  4.07 0.58 39.9 0.95 
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Figure 4.2 Current density-voltage (J-V) curves of CdS QDSCs featuring Pt and CoS counter 
electrodes respectively (Inset: IPCE spectrum of a CdS QDSC featuring CoS counter electrode.) 
 
4.4 Conclusions 
  In conclusion, the results of this work prove that CoS could be a good substitute of the 
expensive Pt counter electrode in CdS-sensitized nanocrystalline solar cells employing aqueous 
polysulfide electrolyte. Both the photoelectrode (TiO2/CdS) and the counter electrode (CoS) can 
be easily prepared by successive ionic layer adsorption and reaction method and the combined 
all-SILAR-based QDSCs can achieve as high as ~1% efficiency. We anticipate that such a 
solution-processed methodology could be a commercially feasible way of fabricating solar cells 
without any elaborate procedures generally existing in lab production. 
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Conversion Efficiency Enhancement of QDSCs by 




        Quantum dot-sensitized solar cells (QDSCs), classified as third-generation solar cells, are 
receiving tremendous research activities worldwide [1]. Compared with relatively established 
dye-sensitized solar cells (DSCs) [2], QDSCs offer a low-cost way based on the QDs substitution 
of dye molecules. Although the efficiency of QDSCs are still well below that of typical DSCs, 
there leaves much space for QDSCs to catch up due to the unique advantages QDs own over dye 
molecules: i) higher extinction coefficient, ii) easily tuneable band gaps, iii) multiple exciton 
generation effect which can even elevate the theoretical efficiency of QDSCs higher than that of 
DSCs [3-6]. Among all of the QD materials, nanocrystalline cadmium sulfide (CdS) was 
extensively explored as the suitable sensitizers due to its reasonable band gap (2.4 eV) and band 
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edge positions relative to the semiconductor electrodes and also its facile assembly via 
successive ionic layer adsorption and reaction (SILAR) [7, 8]. 
        Electrospinning is a well-established method to produce 1-dimensional (1-D) nanostructures 
of desired morphology as promising photoanode material [9-11]. Compared to conventional 
hydrothermal and other chemical method, this is generally considered as a versatile and low-cost 
route. Previously we fabricated CdS QDSCs based on electrospinning and SILAR with an 
intermediate efficiency of ~0.5% [12]. Meanwhile we explored a ‘rice grain-shaped’ electrospun 
TiO2 mesostructures and demonstrated its superior applications in DSCs and photocatalysis [13]. 
S. Ruhle et.al show that the conduction band (CB) of TiO2 can be shifted relative to the redox 
potential in DSCs by grafting different organic dipole molecules onto the TiO2 surface [14]. M. 
Shalom et.al has first time presented a systematic study on the CdS QD energy levels shifted by 
benzenethiol derivatives, however the device efficiency they obtained is still very poor (Jsc < 2.0 
mAcm-2) [15].  
        In this Chapter, we further demonstrated that with proper dipole treatment, the CdS QD 
energy levels could be effectively shifted upwards to inject electrons towards TiO2 CB more 
energetically favoured (Scheme 5.1) and as such the efficiency of CdS-sensitized solar cells can 
achieve as high as 1.17%, which is almost 100% enhancement compared with that of untreated 
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5.2 Experimental Details 
5.2.1 Fabrication of CdS-sensitized TiO2 photoelectrodes by electrospinning and SILAR 
    The TiO2 nanostructures were synthesized by electrospinning process as described 
previously [13]. The collected electrospun material was mixed with polyester to form a unique 
paste of right rheology for subsequent doctor-blading on the clean fluorine-doped tin oxide (FTO, 
Asahi Glass, Japan, sheet resistance of 25 / ). The FTO plates were then sintered at 5000 C in 
air for 0.5 h with a ramping rate of 20 C/min to exhibit the porous structure. CdS QDs were 
deposited on TiO2 nanostructured electrodes by SILAR in which the optimum SILAR cycles 
were determined from our previous study also [12]. 
5.2.2 Dipole treatment for CdS-sensitized TiO2 photoelectrodes 
        Based on the existing result for the selection of dipole molecules [15], we used 4-methoxy 
benzenethiol as the suitable dipole medium. The CdS-sensitized TiO2 photoelectrodes were 
immersed in 10 mM ethanol solution of 4-methoxy benzenethiol (98%, Sigma-Aldrich) for 24h 
under dark. For comparison, photoelectrode without dipole treatment was prepared in the same 
way as stated. 
5.2.3 Assembly of CdS-sensitized solar cells 
        For the assembly of a solar cell, the CdS-deposited TiO2 nanostructured electrodes were 
sandwiched with a Pt counter electrode, a polysulfide electrolyte to assemble a typical CdS-
sensitized solar cell. The polysulfide electrolyte consists of 0.5M Na2S, 2M S, and 0.2M KCl in 
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methanol/water with a volume ratio of 7:3 [16]. The active area of the cells was identical of ~0.16 
cm2. 
5.2.4 Measurements and characterization 
    The crystal structures of photoelectrode after dipole treatment was examined by X-ray 
diffractometry (Bruker-AXS D8 ADVANCE Powder X-ray diffractometer) using Cu Kα 
radiation (λ=1.54056A0). The morphology change of photoelectrodes before/after dipole 
treatment was studied by scanning electron microscopy (SEM, JEOL JSM-6701F operated at 30 
kV). The fine nanostructures were further studied by high resolution transmission electron 
microscopy (HR-TEM, JEOL 3010 operated at 300 kV). Energy-dispersive X-ray spectroscopy 
(EDS) was carried out during TEM measurement. The optical absorption spectra were acquired 
by UV-Vis spectroscopy (Shimadzu UV-3600 UV-VIS-NIR spectrophotometer) with a spectral 
resolution of 1 nm. Samples for optical measurements were prepared by ultrasonically dispersing 
the photosensitive materials in methanol. Photocurrent measurements and electrochemical 
impedance spectroscopy were done and recorded by XES-151 S solar simulator (San-Ei, Japan) 
under AM1.5 G condition and Autolab PGSTAT30 (Eco Chemie B.V., The Netherlands) 
integrated with a potentiostat. 
 
5.3 Results and Discussion 
        Scheme 5.1 depicts the energy levels alignment in a typical CdS-sensitized solar cell. The 
CdS QD absorb photons to get excited and inject electrons from their excited states into the 
adjacent CB of TiO2 where the electrons transport to the front contact. If the energy levels of 
Chapter 5: Conversion Efficiency Enhancement of QDSCs by Organic Dipole Treatment 
 
- 69 - 
 
CdS QD can be effectively shifted upwards, it can inject more electrons into TiO2 CB and 
separate charge more efficiently. Together with the improved charge transport capability of 
electrospun TiO2 nanostructures [17], an enhanced photovoltaic performance of CdS QDSCs 
could be readily expected. Based on this assumption, photoelectrodes with and without dipole 
treatment were compared and the cause of performance enhancement was investigated. 
 
Scheme 5.1 Schematic illustration of relative energy levels alignment in QDSCs and expected 
shifting of CdS QD energy states by dipole treatment (dashed line: original energy levels, solid 
lines: shifted energy levels). 
 
        The X-ray diffraction pattern of the photoelectrode after dipole treatment was shown in 
Figure 5.1. As expected, the dipole molecules have no effect on the crystal structures where 
characteristic peaks of anatase phase TiO2 (JCPDS file No. 71-1167) and cubic CdS (JCPDS file 
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No. 77-2306) were identified which is consistent with our previous untreated work [12]. The 
middle sharp diffraction peak resulted from the FTO substrate. 
 
Figure 5.1 X-ray diffraction pattern of photoelectrodes after dipole treatment indicating 
characteristic peaks of anatase TiO2 (★) and cubic CdS (▲). 
 
        The surface morphology change of samples was observed by scanning electron microscope. 
Figure 5.2 is the SEM images comparison by cross-section, low magnification and high 
magnification. In all three respective, there is no recognizable change which infers that dipole 
molecules also exert little effect on the surface morphology of TiO2/CdS photoelectrode. Cross-
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sectional SEM images (Figure 5.2 (A) & (B)) show the thickness of photoelectrode as ~10 m 
which is optimum for QDSCs [18]. Figure 5.2 (C) & (D) show the dense porous structures in the 
film and the coverage of CdS QDs on larger TiO2 rice grain structures can be observed in Figure 
5.2 (E) & (F). 
 
Figure 5.2 SEM images comparison of (A), (B) cross-sectional (C), (D) low resolution, (E), (F) 
high resolution before/after dipole treatment. 
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        Figure 5.3 shows the fine structures imaged by TEM. A single “rice grain” structure was 
seen in Figure 5.3 (A) with a dimension of ~450 nm in length and ~250 nm in diameter. The 
presence of CdS QD was clearly resolved in Figure 5.3 (B) with a diameter of ~6.8 nm which is 
again well matched with our previous study [12]. The selected area electron diffraction (SAED) 
pattern is shown in Figure 5.3 (C) to reveal its polycrystalline nature. Figure 5.3 (D) is the EDS 
spectrum of photoelectrode which confirms the elemental composition of titanium (Ti), oxygen 
(O), cadmium (Cd), and sulfur (S) as well. 
 
Figure 5.3 TEM images of (A) single electrospun TiO2 nanostructure, (B) resolved CdS QD, (C) 
selected area electron diffraction (SAED) pattern, and (D) EDS spectrum. 
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        Figure 5.4 shows the current density-voltage (J-V) curves of respective CdS-sensitized solar 
cells under 1 Sun illumination and the photovoltaic parameters are summarized in Table 5.1. The 
CdS QDSCs with dipole treatment achieved an overall conversion efficiency of 1.17%, a 
dramatic improvement of 100% over that of the cell without treatment (0.58%). The efficiency 
gain by dipole treatment mainly arises from the doubled short-circuit photocurrent (Jsc) from 
4.05 to 8.87 mAcm-2 while open-circuit voltage (Voc) and fill factor (FF) remained almost the 
same. The unchanged Voc indicates that dipole molecules also have no effect on the TiO2 energy 
levels as the open-circuit voltage is the difference between the Fermi level of TiO2 and the 
electrolyte potential (Voc=│EFermi-ERedox│) [19]. This provides the possibility of tuning QD energy 
levels without affecting the large band gap semiconductor levels which could be applied in other 
QDSCs as well. 
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Figure 5.4 Current density-voltage (J-V) characteristics of CdS QDSCs with (TiO2/CdS+DT) 
and without (TiO2/CdS) dipole treatment. 
 
Table 5.1 List of photovoltaic parameters of CdS QDSCs with (TiO2/CdS+DT) and without 
(TiO2/CdS) dipole treatment under standard AM1.5G illumination. 
Sample Jsc (mAcm-2) Voc (V) FF (%) η (%) 
TiO2/CdS 4.05 0.478 29.9 0.58 
TiO2/CdS + DT 8.87 0.476 27.8 1.17 
 
        To investigate the cause of performance enhancement, Figure 5.5 shows the UV-Vis 
absorption spectra of sensitized electrode before/after dipole treatment. It is observed that the 
optical absorption spectra of both photoelectrodes remain almost unchanged, i.e. dipole treatment 
did not broaden the absorption region of CdS QDs which may be a convincible reason for the 
performance improvement. This provides strong evidence that the observed enhanced 
photocurrent and efficiency can be attributed to the shifting of the CdS QD energy levels with 
respect to TiO2. As a direct band gap semiconductor, the absorption coefficient of CdS is related 
to the excitation energy by the following expression: (αhν)2 = const − (hν – Eg), where Eg is the 
band gap energy. Eg values were estimated to be 2.65 eV for both of the treated and untreated 
samples and show an increase compared to that of bulk CdS (2.4 eV). On the other hand, the 
average particle size can also be estimated from the absorption spectrum using the following 
Brus equation [20]: 
EQD=Eg+h2/8r2[1/me*+1/mh*]-1.8e2/4πεε0r 
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where EQD and Eg are the band gaps of CdS QD and bulk CdS respectively, r is the radius of CdS 
QD and me* and mh* are the effective masses of electron and hole in CdS, ε0 is the vacuum 
permittivity and ε is the relative permittivity of CdS. By adopting the above equation, the 
average size of CdS was estimated to be 6.7 nm in diameter, which is in very good agreement 
with both of the TEM image and the size calculated from the characteristic peaks of XRD pattern 
using Scherer equation. The exciton Bohr radius of CdS is 5.8 nm and the quantum confinement 
effect occurs for CdS particle that are less than 11 nm in diameter [21]. As such the CdS particles 
here attached to TiO2 films can be well defined as QDs and justify the term of ‘quantum dot-
sensitized solar cells’ as well. 
 
Figure 5.5 UV-Vis absorption spectra for photoelectrodes with (TiO2/CdS+DT) and without 
(TiO2/CdS) dipole treatment. 
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        The electrochemical impedance spectroscopy (EIS) is a powerful tool to investigate the 
charge transport characteristics and thus was performed to CdS-sensitized solar cells. Figure 5.6 
shows typical Nyquist plots of treated and untreated cells measured at applied bias of Voc (0.48V) 
under 1 sun illumination of 100mWcm-2. Two semi-circles including a small one at high 
frequency and a large one at low frequency are observed and it is known that the second semi-
circle at lower frequency refers to the charge transfer resistance (RCT) between 
TiO2/CdS/polysulfide interfaces [22]. Apparently, smaller RCT was induced by dipole treatment 
represented by the smaller arc in the plot. We thus attribute the enhanced performance of CdS-  
 
 
Figure 5.6 Nyquist plots of CdS QDSCs with (TiO2/CdS+DT) and without (TiO2/CdS) dipole 
treatment measured at applied bias of Voc (0.48V) under AM1.5G condition at room temperature. 
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sensitized solar cells to the combined effect of the following: 1) energetically favoured electron 
injection from CdS to TiO2 CB due to the upward shifted energy levels of CdS QD; 2) more 
electrons are injected into TiO2; and 3) the 1-D electrospun nanostructures provide a directed and 
less hindered electron diffusion pathway. With more elaborate surface modifications like ZnS 
coating to inhibit electron recombination, we believe the efficiency of QDSCs could catch up 
with that of DSCs soon. 
 
5.4 Conclusion 
      In conclusion, we successfully manipulated the CdS QD energy levels in such a way that it 
was shifted upwards to form a more favourable alignment with respect to TiO2. With more 
electrons injected into the TiO2 CB and efficient charge separation, the performance of CdS 
QDSCs was greatly enhanced by 100% which mainly arises from the improved photocurrent 
density. The electrospun TiO2 nanostructures also offer a less hindered pathway for electron 
transport. By combining both unique advantages, we believe that this is a promising way to 
elevate the efficiency of QDSCs comparable with that of DSCs. 
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 CHAPTER 6 
Effect of TiO2 Morphology on the Photovoltaic 




        Quantum dot-sensitized solar cells (QDSCs) are generally considered as third-generation 
solar cells which offer promising alternatives to meet the ever increasing world energy 
consumption [1-3]. Due to the simplicity and low cost of fabrication process, QDSCs are receiving 
more and more attention among global researchers and research focuses have been put on the 
improvement of conversion efficiency although currently it is still far behind that of conventional 
solar cells [4-7]. Compared to its molecular counterpart in the case of dye-sensitized solar cells 
(DSCs), QDs offer several distinguished advantages including higher light extinction coefficient, 
facile synthesis in solution with tuneable size and band gaps, and multiple exciton generation 
(MEG) effect which can promote the theoretical efficiency beyond the Schockley-Queisser 
detailed balance limit [8-10]. Among the various QD sensitizing materials, cadmium sulfide (CdS) 
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is extensively investigated as a typical example due to its proper band alignment with respect to 
semiconductor electrodes e.g. TiO2 and its facile assembly via successive ionic layer adsorption 
and reaction (SILAR) [11-13]. 
        Electrospinning is a well-known technique to fabricate nanostructures of desired 
morphology as a versatile and low-cost route compared to complex chemical synthesis [14-16]. 
Previously we have successfully fabricated TiO2 nanorods and ‘rice grain-shaped’ TiO2 
mesostructures by electrospinning and demonstrated their applications in QDSCs by SILAR 
deposition of CdS QDs [17-20]. Recently Yang et.al fabricated spherical TiO2 by electrospinning 
and demonstrated its application as a scattering layer for CdS QDSCs [21]. In this Chapter, 
various TiO2 building blocks i.e. spheres (S-TiO2), rods (R-TiO2), grains (G-TiO2) were 
fabricated by electrospinning and used as photoanode material to investigate the effect of 
different morphologies on the photovoltaic performance of CdS QDSCs. It was shown that 
QDSCs with G-TiO2 achieved the highest overall conversion efficiency of 1.74% under one-sun 
AM1.5G illumination compared to its S-TiO2 and R-TiO2 counterparts by an substantial increase 
of ~100% and ~35% respectively. We ascribed the superior performance of G-TiO2 to its good 
necking between grains and the semi-directed electron transport capability within the grain while 
R-TiO2 suffers from the poor necking between rods and S-TiO2 suffers from the hindered 
electron transport between spheres respectively. Electrochemical impedance spectroscopy (EIS) 
shows a largest recombination resistance for G-TiO2 cells among the three to ascertain the 
superior performance. 
 
6.2 Experimental Details 
Chapter 6: Effect of TiO2 Morphology on the Photovoltaic Properties of QDSCs 
-82- 
 
6.2.1 Fabrication of S-TiO2, R-TiO2, G-TiO2 electrodes by electrospinning 
    The S-TiO2 was fabricated by electrospinning as per literature [21] while R-TiO2 and G-TiO2 
were fabricated as per our previous study [17-20]. Subsequently the samples were sintered at 5000 
C for 1h. The materials were then mixed with polyester to form a paste of proper rheology for 
the following doctor-blading on the clean fluorine-doped tin oxide (FTO, Asahi Glass, Japan, 
sheet resistance of 25 / ). The FTO plates were subjected to sintering at 5000 C in air for 0.5 h 
with a ramping rate of 20 C/min to evaporate the polymer and display the desired structure. The 
thickness of all the three electrodes was maintained at ~10um for comparison purpose. 
6.2.2 Sensitization of TiO2 electrodes by CdS QDs via SILAR 
     The as-prepared TiO2 electrodes were sensitized by CdS QDs using successive ionic layer 
adsorption and reaction (SILAR) method as reported in our previous works [17, 20]. In brief, the 
electrodes were first dipped in a 0.2M Cd(NO3)2 (Sigma-Aldrich) aqueous solution for 5 min, 
rinsed with de-ionized (DI) water and then dipped in 0.2M Na2S (Sigma-Aldrich) aqueous 
solution for another 5 min followed by equal rinsing which was termed as one SILAR cycle. 
This process was repeated for 10 times for optimum recipe and the sensitized electrodes were 
denoted as S-TiO2/CdS, R-TiO2/CdS, G-TiO2/CdS respectively.  
6.2.3 Assembly of CdS-sensitized solar cells based on various TiO2 blocks 
        The CdS-sensitized TiO2 electrodes were sandwiched with a Pt counter electrode, a 
polysulfide electrolyte to assemble a typical CdS-sensitized solar cell. The polysulfide electrolyte 
consists of 0.5M Na2S, 2M S, and 0.2M KCl in methanol/water with a volume ratio of 7:3 [22]. 
The contribution of the conversion efficiency from the non-regenerative sacrificial methanol is 
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negligible due to the overwhelming number of S2-/Sn2- redox couples. The active area of the cells 
was ~0.16 cm2. 
6.2.4 Measurements and characterization 
   The surface morphology of S-TiO2, R-TiO2, G-TiO2 were studied by scanning electron 
microscopy (SEM, JEOL JSM-6701F operated at 30 kV). The optical absorption spectra were 
acquired by UV-Vis spectroscopy (Shimadzu UV-3600 UV-VIS-NIR spectrophotometer) with a 
spectral resolution of 1 nm. Photocurrent measurement was done and recorded by XES-151 S 
solar simulator (San-Ei, Japan) under AM1.5 G condition and Autolab PGSTAT30 (Eco Chemie 
B.V., The Netherlands) integrated with a potentiostat while electrochemical impedance 
spectroscopy measurement was carried out in dark conditions at a forward bias of 0-0.6 V with 
frequency range between 100kHz and 0.1 Hz. 
  
6.3 Results and Discussion 
        The surface morphology of electrospun TiO2 samples was observed by scanning electron 
microscope directly. Figure 6.1 is the recognizable SEM images of different TiO2 morphologies 
i.e. sphere-like TiO2 (S-TiO2), rod-like TiO2 (R-TiO2) and grain-like TiO2 (G-TiO2). The 
dimension of respective electrospun TiO2 structures were in good agreement with my previous 
study and as per literature. In detail, Figure 6.1(A) shows that the diameters of TiO2 spheres 
ranging from 100-300 nm, Figure 6.1(B) shows the TiO2 rods with a dimension of ~1 um in 
length and ~100 nm in diameter while Figure 6.1(C) shows the TiO2 grains with a dimension of 
~500 nm in length and ~200 nm in diameter. We have explained that the TiO2 grains were 
formed during the electrospinning process due to micro phase separation [18] and confirmed its 
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superior performance in the case of dye-sensitized solar cells and photocatalysis as well [19]. Note 
that all three images were captured at the same scale bar for comparison. 
 
Figure 6.1 SEM images of electrospun (A) S-TiO2, (B) R-TiO2, (C) G-TiO2; 
 
        Figure 6.2 shows the UV-Vis absorption spectra of three sensitized electrodes via 
successive ionic adsorption and reaction i.e. S-TiO2/CdS, R-TiO2/CdS, and G-TiO2/CdS. It is 
clearly observed that there is an obvious absorption peak near 500nm for all the three samples 
which is unambiguously ascribed to CdS QDs due to its strong visible light absorption [17]. The 
higher absorbance for G-TiO2/CdS electrode than that of S-TiO2/CdS and R-TiO2/CdS indicates 
that G-TiO2 could effectively load more CdS QDs than S-TiO2 and R-TiO2 which may be 
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attributed to its larger surface area. Also we can roughly estimate that the sizes of CdS QDs 
attached to TiO2 surface are ~6 nm in diameter which ensures that the quantum confinement 
effect occurs compared to the exciton Bohr radius of bulk CdS [23]. 
 
Figure 6.2 UV-Vis absorption spectra for photoelectrodes with S-TiO2/CdS, R-TiO2/CdS, and 
G-TiO2/CdS. 
 
        Figure 6.3 shows the current density-voltage (J-V) curves of respective CdS QDSCs with S-
TiO2/CdS, R-TiO2/CdS, G-TiO2/CdS electrodes under 1-Sun illumination and the detailed 
photovoltaic parameters including short-circuit photocurrent (Jsc), open-circuit voltage (Voc), fill 
factor (FF) and overall conversion efficiency (η) are summarized in Table 6.1. The CdS QDSCs 
with G-TiO2/CdS electrode achieved an overall conversion efficiency of 1.74%, a substantial 
improvement of ~100% compared to that of S-TiO2/CdS electrode and ~35% compared to that of 
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R-TiO2/CdS electrode. The table also shows all rounds of improvement for G-TiO2/CdS cells 
including the Jsc from 5.08 to 7.57 mA cm-2, Voc from 0.43 to 0.55 V and FF from 39.9% to 
41.7% which leads to the substantial efficiency gain. The charge transfer and recombination 
characteristics in the CdS QDSCs were investigated by electrochemical impedance spectroscopy 
(EIS). Figure 6.4 shows typical Nyquist plots of CdS QDSCs with S-TiO2/CdS, R-TiO2/CdS, G-
TiO2/CdS electrodes at an applied bias of 0.5 V under dark condition. Two semi-circles are 
clearly resolved and it is well known that the low frequency one is associated with the charge 
recombination resistance (Rrec) between TiO2/CdS/polysulfide interfaces [24]. It can be observed 
that QDSCs with G-TiO2/CdS electrode shows a highest recombination resistance (i.e. least 
recombination) compared with S-TiO2/CdS and R-TiO2/CdS. The reduction of charge 
recombination in G-TiO2/CdS electrode in turn explains the substantial increase of Jsc which is 
the main contribution for the enhanced overall conversion efficiency. 
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Figure 6.3 Current density-voltage (J-V) characteristics of QDSCs with S-TiO2/CdS, R-
TiO2/CdS, G-TiO2/CdS. 
 
Figure 6.4 Nyquist plots of QDSCs with S-TiO2/CdS, R-TiO2/CdS, G-TiO2/CdS measured at 
applied bias of 0.5V under dark condition. 
 
Table 6.1 List of photovoltaic parameters of QDSCs with S-TiO2/CdS, R-TiO2/CdS, G-
TiO2/CdS under standard AM1.5G illumination. 
Sample Jsc (mAcm-2) Voc (V) FF (%) η (%) 
S-TiO2/CdS 5.08 0.43 39.9 0.87 
R-TiO2/CdS 6.10 0.52 40.8 1.29 
G-TiO2/CdS 7.57 0.55 41.7 1.74 
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        The above results indicate that the morphology of electrospun TiO2 structures has a crucial 
effect on the photovoltaic properties of CdS QDSCs. For illustration, Scheme 6.1 is a schematic 
diagram that depicts the relative positions of electrospun TiO2 structures with attached CdS QDs. 
The generation of photoelectrons and subsequent electron transport can be described as the 
following Reactions (1), (2) and (3): 
CdS + hν→CdS (e- + h+)                                     (1) 
CdS (e- +h+) + TiO2→CdS (h+) + TiO2 (e-)        (2) 
TiO2 (e-) →photocurrent                                      (3) 
Once photoelectrons are generated in CdS QDs by absorbing incident photons [Reaction (1)], it 
will be quickly injected into the conduction band of TiO2 [Reaction (2)] which further flow 
towards the FTO electrode and are finally withdrawn as photocurrent [Reaction (3)]. The hole 
left in CdS QDs will be scavenged by the polysulfide electrolyte which is in turn regenerated by 
the photoelectrons circulating externally to the platinum counter electrode. Superior photovoltaic 
performance can thus be anticipated for G-TiO2/CdS due to the good necking between TiO2 
grains and semi-directed charge transport characteristic within the grain which should definitely 
facilitate the charge transport processes as described above. More exactly, the G-TiO2 seems 
combining the goodness of S-TiO2 (good necking) and R-TiO2 (directed electron transport) while 
avoiding both of the shortcomings. In addition, the G-TiO2 can effectively localize the incident 
light within the electrode thus improving light scattering and trapping [25] that results in much 
higher conversion efficiency. This was in turn reflected by the improved photovoltaic parameters 
of G-TiO2/CdS compared with S-TiO2/CdS and R-TiO2/CdS. The EIS analysis results further 
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confirms that charge recombination was also well suppressed in G-TiO2/CdS compared with S-
TiO2/CdS and R-TiO2/CdS. With such favourable factors towards better photovoltaic 
performance, we anticipated that a more elaborate TiO2 morphology could be engineered by 
simple and low-cost electrospinning technique to further enhance the conversion efficiency of 
QDSCs to be comparable to that of DSCs. 
 
Scheme 6.1 Schematic illustration of S-TiO2/CdS, R-TiO2/CdS, G-TiO2/CdS and their respective 
advantages and disadvantages. 
 
6.4 Conclusion 
        In conclusion, we fabricated different morphologies of TiO2 by electrospinning and 
investigated its effect on the photovoltaic performance of CdS-sensitized solar cells. It was found 
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that G-TiO2-based QDSCs achieved highest conversion efficiency (1.74%) compared with S-
TiO2-based QDSCs (0.87%) and R-TiO2-based QDSCs (1.29%) which is attributable to its good 
necking between grains and the semi-directed electron transport capability within the grain. 
Electrochemical impedance spectroscopy reveals a largest recombination resistance for G-TiO2-
based QDSCs among the three as well to further elucidate the superior performance. We thus 
believe electrospinning could produce a more elaborate structure to further enhance the 
photovoltaic performance of QDSCs. 
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 CHAPTER 7 
General Concluding Remarks and Outlooks 
 
 
        The ultimate goal of this thesis is to develop quantum dot-sensitized solar cells (QDSCs) 
with reduced fabrication cost and enhanced conversion efficiency. In this regard, new materials 
and new fabrication methods have been designed and utilized to achieve this dual objective. 
Some general conclusions and outlooks are summarized in this chapter.  
 
7.1 Concluding Remarks 
      Through continuous improvement of the performance of QDSCs, some of the major findings 
observed in this thesis are summarized as following: 
1) Successive ionic layer adsorption and reaction (SILAR) is an efficient method to 
assemble QDs to TiO2 surface compared with the so-called bi-functional linker approach 
which is known to induce very poor QDs coverage. By first time ever combining the 
electrospinning technique and SILAR method, a prototype of QDSCs comprising 
electrospun TiO2 nanorods sensitized by CdS QDs was developed to achieve an overall 
conversion efficiency of 0.52% under AM 1.5G illumination without any additional 
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elaborate procedures. SILAR method also combines the synthesis and anchoring 
procedures into a single process which reflects the reduction of fabrication cost. 
2) Cobalt sulfide could be a very good substitute of the normal expensive platinum counter 
electrode to greatly reduce the cost of CdS-sensitized nanocrystalline solar cells due to 
the extremely low abundance of platinum compared with more abundant cobalt. 
Furthermore, both the photoelectrode (TiO2/CdS) and the counter electrode (CoS) can be 
readily and easily prepared by the SILAR method and the combined all-SILAR-based 
QDSCs can achieve as high as ~1% conversion efficiency under 100 mW cm-2 AM 1.5G 
illumination. 
3) Organic dipole treatment is an efficient surface treatment way to enhance the conversion 
efficiency of QDSCs. It was found that by treated with 4-methoxy benzenethiol for 24 h, 
the overall conversion efficiency of 1.17% was achieved for QDSCs under 100 mW cm-2 
AM 1.5G illumination. Hence we conclude that we have successfully manipulated the 
CdS QD energy levels in such a way that it is shifted upwards to form a more favourable 
alignment with respect to TiO2. With more electrons injected into the TiO2 conduction 
band and efficient charge separation, the performance of QDSCs is thus greatly enhanced 
which mainly arises from the improved photocurrent density. 
4) Electrospinning is proved to be a facile and low-cost method to produce 1-D 
nanostructures of desired properties compared with hydrothermal and other complex 
chemical processes. Three novel morphologies of anisotropic TiO2 nanostructures have 
been synthesized. The rice grain-shaped TiO2 mesostructures were produced by 
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electrospinning a polymeric solution containing titanium isopropoxide, polyvinyl acetate 
and acetic acid in N, N-dimethyl acetamide followed by calcination under ambient 
conditions. After applying it in QDSCs, it was found that G-TiO2-based QDSCs achieved 
highest conversion efficiency (1.74%) compared with its S-TiO2 and R-TiO2 counterparts 
which is attributable to its good necking between grains and the semi-directed electron 
transport capability within the grain while avoiding both of the shortcomings. 
 
7.2 Outlooks 
      Although QDSCs offer a promising and low-cost renewable energy source towards solving 
the global energy issues, the conversion efficiency is still far behind that of typical DSCs, let 
alone the monocrystalline and polycrystalline silicon solar cells. However, further studies are 
expected to narrow the efficiency gap while maintaining the low fabrication cost as developed in 
this thesis. Some of the future highlights to fulfill this objective are listed below: 
7.2.1 Broader-absorption/non-hazardous QD sensitizers 
1) As the device performance is largely restricted by the limited CdS absorption range 
(<570 nm) as revealed from the IPCE spectra, we expect that co-sensitization with other 
broader-absorption (i.e. narrow band gap) semiconductor materials like CdSe, CdTe etc. 
is believed to extend the light absorption range and thus to further increase the conversion 
efficiency, provided that such QDs can also be prepared by SILAR method. Secondly, as 
indicated in the AM 1.5G spectra, almost 50% of the solar power is situated in the 
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infrared region which suggests the utilization of infrared light absorption QDs like PbS, 
PbSe etc. Thirdly, efforts should be put to search for a safer cadmium-free sensitizer 
(green QDs) to fulfill the public environmental concerns. 
7.2.2 Tin oxide (SnO2) as wide band gap semiconductor 
While being notorious in DSCs application, nanostructured tin oxide (SnO2) now 
emerges as a promising photoanode material in QDSCs for its higher electron mobility 
and more negative conduction band compared with TiO2 which suggests a more efficient 
pathway for charge injection and collection from light absorbers. In the same way, 1-D 
SnO2 nanostructures including the rice grain-shaped ones can be readily prepared by 
electrospinning the polymeric solution containing tin precursors. 
7.2.3 Transition to all-solid-state QDSCs 
In order to widely deploy QDSCs for outdoor application, the transition to all-solid-state 
devices from the current liquid-state junction can be envisioned. By using the poly (3-
hexylthiophene) (P3HT) as the hole transporting material to replace the polysulfide 
electrolyte, solid-state  QDSCs can be readily fabricated in the same way as described in 
this thesis. The charge transport and recombination mechanism will be systematically 
studied if the energy conversion efficiency is thus dramatically decreased due to the 
replacement of liquid electrolyte. 
7.2.4 Precise controlling of electrospinning technique 
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Last but not least, electrospinning still remains as a versatile and economical way to 
produce 1-D nanomaterials of desired morphology and dimension as well. In addition to 
developing novel nanostructures of TiO2 by fine-tuning the composition of polymeric 
solution and experimental conditions, we are currently considering direct electrospinning 
of QD-embedded polymeric solution to eliminate even the SILAR process as a further 
cost reduction intention. 
 -APPENDIX- 
LIST OF JOURNAL PUBLICATIONS 
PERTAINING TO THIS THESIS 
 
*In Chronological Order (1st-Authorship Only): 
[1] Y. Shengyuan, A. S. Nair, R. Jose, S. Ramakrishna. “Electrospun TiO2 nanorods assembly 
sensitized by CdS quantum dots: A low-cost photovoltaic material”, Energy Environ. Sci., 2010, 
3, 2010-2014. 
[2] Y. Shengyuan, Z. Peining, A. S. Nair, S. Ramakrishna. “Rice grain-shaped TiO2 
mesostructures—synthesis, characterization and applications in dye-sensitized solar cells and 
photocatalysis”, J. Mater. Chem., 2011, 21, 6541-6548. ( Featured as Back Cover Article) 
[3] Y. Shengyuan, A. S. Nair, Z. Peining, S. Ramakrishna. “Electrospun TiO2 nanostructures 
sensitized by CdS in conjunction with CoS counter electrodes: Quantum dot-sensitized solar 
cells all prepared by successive ionic layer adsorption and reaction”, Mater. Lett., 2012, 76, 43-
46. 
Appendix: List of Journal Publications Pertaining to This Thesis 
 
- 100 - 
 
[4] Y. Shengyuan, A. S. Nair, S. Ramakrishna. “Conversion efficiency enhancement of CdS 
quantum dot-sensitized electrospun nanostructured TiO2 solar cells by organic dipole treatment”. 
Mater. Lett., 2013, Accepted. 
[5] Y. Shengyuan, A. S. Nair, S. Ramakrishna. “Morphology of the electrospun TiO2 on the 
photovoltaic properties of CdS quantum dot-sensitized solar cells”. J. Nanosci. Nanotechnol., 
2013, Accepted. 
 
 
 
 
